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Full Kinetics from First Principles of the Chlorine Evolution Reaction

over a Ru0,(110) Model Electrode
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Abstract: Current progress in modern electrocatalysis research
is spurred by theory, frequently based on ab initio thermody-
namics, where the stable reaction intermediates at the electrode
surface are identified, while the actual energy barriers are
ignored. This approach is popular in that a simple tool is
available for searching for promising electrode materials.
However, thermodynamics alone may be misleading to assess
the catalytic activity of an electrochemical reaction as we
exemplify with the chlorine evolution reaction (CER) over
a RuO,(110) model electrode. The full procedure is intro-
duced, starting from the stable reaction intermediates, comput-
ing the energy barriers, and finally performing microkinetic
simulations, all performed under the influence of the solvent
and the electrode potential. Full kinetics from first-principles
allows the rate-determining step in the CER to be identified and
the experimentally observed change in the Tafel slope to be
explained.

The chlorine evolution reaction (CER) constitutes the
anodic reaction of the chlor-alkali and the HCI electrolysis.
Both are important large-scale industrial processes, which
annually produce 95% of the 70 million tons of chlorine
worldwide.! Two chloride anions need to be successively
discharged at the dimensionally stable anodes with the
catalytically active component RuO,? thereby forming
gaseous chlorine in the so-called chlorine evolution reaction
CER:2ClI"—Cl,+2e" P

A single-crystalline RuO,(110) electrode may be envi-
sioned as an appropriate model system for studying the
elementary processes in the CER."! Extensive experimental
studies of the CER over a single-crystalline RuO,(110)
electrode go back to the 1980s.°! Consonni et al. determined
a Tafel slope of 40 mVdec' for small overpotentials and
a reaction order of + 1 with respect to chloride ions, whereas
no pH effect was observed. Guerrini et al. reexamined this
model system in 2005 and confirmed a Tafel slope of
40mVdec' for small overpotentials in the first Tafel
region.”! However, for higher overpotentials, they found
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a significantly increased Tafel slope of about 80 mVdec™,

without providing further explanation for this observation.

To gain molecular insight into the CER over RuO,(110),
the stable surface terminations of the RuO,(110) model
catalyst for given pH and the overpotential # were identified
based on ab initio thermodynamics.” ¥ The overpotential # is
defined as the excess electrode potential with respect to the
standard half-cell potential of CER (1.36 V). In ab initio
thermodynamics, the Gibbs free energies AG are calculated
by density functional theory (DFT) for a variety of possible
surface configurations under reaction conditions. Only those
surface terminations are considered stable that minimize AG
for given values of pH and the overpotential #>1°
(Figure 1).

Herein, the solvent effect was estimated by separate
electronic calculations with two explicit water molecules per
adsorbate in the (2x1) unit cell. In previous studies this
approach has already been proven to be applicable.!"” Further
details about the DFT calculations (Supporting Information,
Section 1) and the construction of surface phase diagrams are
given in the Supporting Information, Section 2.

Under typical CER reaction conditions (7 >0V, pH=0),
all undercoordinated ruthenium sites Ru,, of the RuO,(110)

10Hp, 10y, +20 20y, + 20,
_4'0l b b ot b t | 0Cl,, 10, n
v 0.0 0.1 02 03 04 v

Figure 1. Stable surface terminations of the model catalyst RuO,(110)
in equilibrium with H*, CI", and H,0 at T=298.15 K, a(Cl") =1, and
pH =0 as a function of the overpotential 7. The nomenclature of the
surface structures is referred to a (2x1) unit cell, indicating all surface
species in the unit cell without the attached metal atom. (20,,+20,,)
contains two O, bridging two Ru, sites and two on-top oxygen atoms
O, attached to Ru, sites (stick and ball model; oxygen atoms: large
black balls). The (10,,10H,,+20,,) surface, which is denoted as fully
oxygen-covered RuO,(110) surface, constitutes the thermodynamically
most stable phase for 7 < 0.19 V and therefore is considered to be the
active surface under CER reaction conditions. The adsorption of
chlorine on the catalyst’s surface takes solely place on the O, atoms
forming an OCl,, precursor structure for CER.
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surface are capped by on-top oxygen O, (Figure 1), while the
bridging oxygen O, are partially saturated by hydrogen
depending on the overpotential #. The (10,1 OH,,+20,,)
surface, which is denoted as fully oxygen-covered RuO,(110)
surface, constitutes the thermodynamically most stable phase
for #<0.19 V and therefore is considered to be the active
surface under CER reaction conditions. The adsorption of
chlorine on the catalyst’s surface takes solely place on the O,
atoms forming an OCl,, precursor structure for CER. It turns
out that the adsorption of chlorine on the O, surface atoms is
by 0.7 eV energetically more favored than on O,.""! The
corresponding OCl,, adsorbate structure, which becomes
thermodynamically stable for #>0.34V, is therefore identi-
fied with the precursor state for CER over RuO,(110),
consistent with an early proposal of Burke and O’Neill in
1979.%1 In the overpotential range up to about 0.2V, the
actual CER over RuO,(110) proceeds on two different active
sites (cf. Figure 1): O, next to Oy, and O, next to OH,,.
Increasing the overpotential the OH,, structure releases
protons so that for 7 >0.19 V and pH =0 the thermodynami-
cally most stable surface shifts from (10H,,10,,+20,,) to
(204, +20,) (Figure 1).

For the CER over RuO,, essentially three reaction
mechanisms have been discussed, namely Volmer—Tafel,
Volmer—Heyrovsky, and the Krishtalik mechanism.”! Using
the (10,,10H,,+20,,) surface, which we found to be most
stable in the reaction environment, we examined the kinetics
of these three possible reaction mechanisms by DFT calcu-
lations employing harmonic transition theory and micro-
kinetic modeling. The corresponding energy profiles for the
three suggested mechanisms are presented in the Supporting
Information, Section 3. According to these energy profiles,
the Volmer—-Heyrovsky mechanism is clearly favored.

The Volmer-Heyrovsky mechanism™?” consists of the
adsorption and discharge of a chloride anion (Volmer step) on
the O, site, which is followed by the direct recombination of
the adsorbed chlorine species O,—Cl with a chloride anion
from the electrolyte solution and the release of Cl, (Heyr-
ovsky step):

(i) = () : Oy +2Cl" - 0O,—Cl+e” +ClI- (Volmer step)

(if) — (iii) : Oy—Cl+ClI" — O, +Cl, + e~ (Heyrovsky step)

In the following, we comprehend on the thermodynamics
and the kinetics of the CER over RuO,(110) based on the
Volmer-Heyrovsky mechanism.

For the active surface in reactive environment, namely
(10,1 0H,,+20,,; Figure 1), the free-energy barriers for
Volmer step (i) and Heyrovsky step (ii) are calculated for the
two different active site configurations, O next to O, and O,
next to OH,, at an electrode potential of U=1.36 V vs. SHE
and pH=0. The results are summarized in Figure 2. The
thermodynamics of the Volmer and Heyrovsky step for the
two different surface terminations is quantified with the
Gibbs energy loss AG,,, which describes the elementary
reaction step that is most uphill in free energy under reaction
conditions (U=1.36 V vs. SHE and pH =0).

It turns out that the Volmer step (i) defines the Gibbs

energy losses (thermodynamics) with values of AG,." "=
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Figure 2. Gibbs energy diagrams for the CER over the RuO,(110)-
(10OHy,1 Oy, +20,,) surface according to the Volmer—Heyrovsky mech-
anism for an applied electrode potential of U=1.36 V vs. SHE and

pH =0. Transition states are denoted with abbreviation TS. Thick
horizontal lines indicate the reaction intermediates. Black: active site
O, next to Oy,; gray: active site O, next to OHy,.

0.34eV and AG,."=0.25eV for the formation of the
reaction intermediate OCl,, next to Oy, and OCI, next to
OH,,, respectively. However, only for the active O, next to an
O,, site, the Volmer step (i)—(ii) constitutes also the
elementary reaction step with highest free energy barrier
(kinetics) quantified with AG* ' =0.68 eV. Quite in contrast,
for the active O, next to OH,, configuration the Heyrovsky
step (i))—(iii) displays the elementary reaction step with
highest free energy barrier of AG""¥=0.72 eV. Therefore,
both the Volmer and the Heyrovsky step may constitute rate-
determining reaction steps for the CER over RuO,(110)
depending on the considered active site of the catalyst.

The energy profile in Figure 2 reveals that in case of the
active O, next to OH,, site the thermodynamically limiting
reaction step is not associated with the rate-determining
reaction step (rds). Previously, Koper®! has discussed this
relation of abinitio thermodynamics with kinetics from
a quite general viewpoint exemplified with the hydrogen
evolution reaction (HER), emphasizing that thermodynamics
may in some cases be a good descriptor for the kinetics of an
electrocatalyzed reaction but in other cases may fail. This
ambivalent situation is encountered with the CER over
RuO,(110).

The first-principles kinetic analysis for the CER over
RuO,(110) reveals that both the Volmer and the Heyrovsky
step can be rate-determining for CER over RuO,(110),
whereas the thermodynamic analysis indicates the Volmer
step to be thermodynamically limiting for both active config-
urations. The thermodynamic analysis predicts that the O,
next to an OH,, site should be more active than the O, next to
an Oy, site due to the smaller Gibbs energy loss. However, this
conclusion conflicts with the present first-principles kinetic
analysis in that the reverse relation is observed owing to the
smaller free energy barrier. The observed discrepancy may be
a more general problem: Within the BEP relation™ the
activation barriers are linearly related to the corresponding
reaction energies. Therefore, a lowering of the Gibbs energy
loss will reduce the barrier of endergonic reaction step
(Volmer step), but concomitantly will increase the barrier for
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the subsequent exergonic step (Heyrovsky step). This behav-
ior is observed in Figure 2.

The thermodynamic approach works out under the tacit
assumption that the actual activation barrier is dominated by
thermodynamics (AG,,) rather than by additional kinetic
constraints. This assumption is not fulfilled for the CER over
RuO,(110) (Figure2), and we surmise that it is neither
fulfilled for some other electrochemical reactions such as the
oxygen and hydrogen evolution reaction (OER/HER), nor
the oxygen reduction reaction (ORR). In general, the overall
activation barrier for an (electrochemical) reaction at room
temperature is about 0.7 eV at an overpotential associated
with a current densities of typically 10 mAcm 2, while
calculated Gibbs energy losses are reported to be only in
the range of 0.2-0.4 eV.”2! For the electrochemical CO
reduction over Cu(111), Nie et al.”*) found that the predicted
product branching changed dramatically when besides the
free energy analysis®™ also the kinetics of the elementary
steps was considered. For the electroreduction of CO to C,
species on Cu(100) electrodes the thermodynamics approach
works, however, reliably as the additional activation barrier
due to kinetics amounts only to 0.42 eV, while the Gibbs
energy loss is 0.6 eV.”!) The thermodynamics approach is
useful whenever the energy penalties are very high for specific
adsorption sites, thus helping to identify the catalytically
active sulfur species of amorphous MoS, in the HER .

A fundamental quantity in the field of electrode kinetics
constitutes the so-called Tafel slope, which quantifies by how
much the applied electrode potential has to be raised to
increase the current density by one order of magnitude.°!
In case of the CER over RuO,(110), the experimental Tafel
slope turns out to be 40 mVdec™ for small overpotentials,
whereas the Tafel slope significantly rises up to a value of
about 80 mV dec™! for higher overpotentials.”°

Based on our full kinetics study from first principles, the
Tafel slope for the CER over RuO,(110) is calculated by
microkinetic modeling within the Volmer-Heyrovsky mech-
anism and compared to corresponding experiments. For the
Volmer step and Heyrovsky step the reverse reactions, that is,
the desorption of adsorbed chlorine into the electrolyte solution
and the reduction of gaseous chlorine to chloride, respectively,
are allowed to proceed. Therefore, the following reaction
equations with rate constants k; for the Volmer step, k_, for the
reverse Volmer step, k, for the Heyrovsky step and k_, for the

reverse Heyrovsky step enter the microkinetic model:

0O, + ClI"£0C1, + e~ (1)
oCl, +e 50, + - 2)
OCl, + ClI' 250, + Cl, + e~ (3)
0O, + CL + e *20C1, + CI- (4)

The reaction rate r for the formation of the product
chlorine, which is proportional to the current density j, is then
given by the following equation:

_ dpEj?Z) =ky(n) - 0ci(17) - a(CL") s

—k5 () - Oo(17) - ale”) - a(Cl)

~r
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A complete derivation of the mathematical model for the
construction of the Tafel plot is presented in the Supporting
Information, Sections 4,5. The activity of chloride, electrons,
and chlorine are assumed to be constant, a(Cl")=a(e”) =
a(Cl,) =1. The coverages of chlorine 6, and of oxygen 6,
on the catalyst’s surface are calculated assuming steady-state
conditions. The rate constants k, and k_, are determined
applying transition state theory and are affected by the
applied overpotential 7 via the symmetry factor a. We need to
emphasize that all parameters in Equation (5) are determined
from first principles, except for the symmetry factor a that
was chosen to be 0.5. In the supporting information we
indicate that the derived microkinetics is practically inde-
pendent of the chosen value of a when varied in the range of
0.25 to 0.75. In Figure 3 the applied overpotential # as
a function of the logarithm of the current density log(j) is
depicted which establishes the so-called Tafel plot. The
theoretical Tafel plot (cf. Figure 3) reveals two regions. For
7<0.1V a Tafel slope of 42 mVdec™' is found, in good
agreement with experimental data.>® Increasing the over-
potential leads to a significant rise in the value of the Tafel
slope quantified with 85 mV dec™! in the second Tafel region
(7> 0.15 V). This finding agrees well with experimental data
of Guerrini et al.'”! (Figure 3), determining a Tafel slope of
40 mVdec! for #<0.07 Vand 8 mVdec™ for #>0.12 V.

A switch of the Tafel slope is frequently discussed in terms
of a change in the rate-determining reaction step (rds) or even
the reaction mechanism. This is obviously not the case here,
where the Tafel slope changes substantially without changing
the reaction mechanism or the rds. A similar effect was
previously observed in the electro oxidation of CO on Pt.!

The generalized Butler—Volmer equation® ! reveals that
the current density j depends on the rate-determining
reaction step and on the exchange current density j,, which
is a function of the surface coverage 6 of chlorine on the
catalyst’s surface. Our kinetic study from first-principles
clearly demonstrates that the surface chlorine coverage 6 is
a strong function of the applied overpotential # (inset in

2 /v
Y 02 £ _log Oc = const.
0.5 K
020} 0.10 Lot .
o0 Lot 88 mV/dec.s” n>0.15V
koo & Second Tafel Region
o1l YT R s =i —=f0g O ) -’ . 85 mV/dec.g
o
1 ~log b, o o
0.10 [
oo 7 003V<y<0.10V
A~ First Tafel Region
o 72 40 mV/dec. 42 mV/dec. ;
* log (—2—)
=4 -3 -2 =1 Afem?

Figure 3. Theoretically calculated Tafel plot (black dots) for the CER
over RuO,(110) agrees remarkably well with the experimental Tafel plot
(gray dots).1”! The current densities are multiplied by a scaling factor of
100 to match the theoretical data (see the Supporting Information,
Section 5 for a detailed discussion). In the first Tafel region the surface
coverage of chlorine 6 is strongly affected by the applied overpoten-
tial (inset), whereas in the second Tafel region the chlorine coverage is
approximately constant.
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Figure 3). It turns out that in the first Tafel region the surface
coverage of chlorine rises significantly by several orders of
magnitude, whereas for higher overpotentials the chlorine
surface coverage varies much less dramatically with the
overpotential. Consequently, the change in the Tafel slope
from 42 mVdec'. to 8 mVdec ' is mainly ascribed to the
variation of chlorine surface coverage, while the rate-deter-
mining reaction step remains unchanged.

In conclusion, a full kinetic study from first principles
allows us to gain unprecedented molecular insight into the
CER over RuO,(110), starting from the stable reaction
intermediates (ab initio thermodynamics), computing the
energy barriers (kinetics) and finally performing microkinetic
modeling, all investigated in the presence of the electro-
chemical environment and parameters. We showed that the
Volmer-Heyrovsky mechanism is the most favorable mech-
anistic description of the CER over RuO,(110). The theoret-
ically determined Tafel slope (based on microkinetic model-
ing from first principles) agrees well with the corresponding
experimental data. We demonstrate that the experimentally
observed change in the Tafel slope is not related to an
alteration of the rate-determining reaction step or the
reaction mechanism, but rather is ascribed to the potential
dependent variation of chlorine surface coverage. We are
confident that full kinetic studies from first-principles are not
only required for the CER over RuO,(110) model system, but
may be beneficial whenever detailed molecular insight into an
electrocatalytic reaction is pursued.
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